Singular structures and operon organizations of essential two-component systems in species of Streptococcus
Two component regulatory systems (TCSs) are found in all prokaryotes except mycoplasmas (Fraser et al., 1995; Himmelreich et al., 1996) . They play critical roles in sensing and responding to environmental conditions and in bacterial pathogenesis (Hoch, 2000; Inouye & Dutta, 2003; Stock et al., 2000) . TCSs consist of a sensor histidine kinase protein, which is usually bound to the bacterial membrane (Wolanin & Stock, 2003) , and a cognate response regulator protein, which often acts as a DNA-binding transcription regulator. Autophosphorylation of the histidine kinase component in response to an environmental signal is followed by phosphoryl transfer to the cognate response regulator, which alters the expression of regulon genes needed to respond to the environmental condition.
Most TCSs are not required for bacteria to grow in the absence of stress in laboratory media (Kobayashi et al., 2001; Oshima et al., 2002) . However, there are exceptions to this generalization in certain Gram-negative bacteria [e.g. Caulobacter crescentus (Quon et al., 1996) ] and in all Gram-positive bacteria with low G+C content in their DNA. Each of these Gram-positive species, which include many important human pathogens (see Table 1 ), contains homologues of a single essential TCS, whose histidine kinase and response regulator are designated YycG and YycF, respectively. The gene encoding the YycF response regulator is required for growth of these Gram-positive bacteria under all conditions tested (Echenique & Trombe, 2001; Fabret & Hoch, 1998; Martin et al., 1999; Ng et al., 2003) . The YycG histidine kinase is required for growth of most Gram-positive species tested to date (Fabret & Hoch, 1998; Martin et al., 1999) or is conditionally required in Streptococcus pneumoniae depleted for the YycF response regulator (Ng et al., 2003) .
The genes regulated and signal(s) sensed by these essential TCSs in different (Krogh et al., 2001) . A single TM domain, first noted in the YycG homologue of S. pneumoniae (Lange et al., 1999 ) (see Fig. 1b ), is present in the YycG homologues of all Streptococcus species (see text). Numbers in parentheses indicate the number of amino acid residues in predicted extracytoplasmic loops of YycG homologues with two TM domains (see Fig. 1a ). dB. subtilis yycH and yycI were used as queries to search for homologues in each completed genome. Homologues of B. subtilis yycJ are present in all genomes analysed (see text). §Capacity for electron transport based on the presence of at least one homologue of the following B. subtilis genes encoding aerobic terminal oxidases (QoxABCD, CtaCDEF, CydAB and YthAB) (von Wachenfeldt & Hederstedt, 2002) or anaerobic nitrate reductase (NarGHIJ) (Hoffmann et al., 1995) . (Dubrac & Msadek, 2004; Fukuchi et al., 2000; Howell et al., 2003; Ng et al., 2003) . However, the pattern emerging suggests that YycFG controls genes critical for cell wall biosynthesis, cell division and virulence (Dubrac & Msadek, 2004; Fukuchi et al., 2000; Howell et al., 2003; Ng et al., 2003 Ng et al., , 2004 . The signal(s) sensed by the YycG histidine kinase homologues are not known (Claverys & Havarstein, 2002; Dubrac & Msadek, 2004; Fukuchi et al., 2000; Howell et al., 2003; Ng et al., 2003) . We describe here a potentially important structural difference in the YycG homologues and the operons that encode them for species of Streptococcus compared to those of other Gram-positive bacteria.
All YycG homologues contain a HAMP (linker) domain, a PAS domain, a histidine kinase domain (HisKin, which contains the phosphorylated histidine residue) and an ATPase domain ( Fig. 1 (Fig. 1a) . These extracytoplasmic loops are thought to play roles in sensing by some histidine kinases (Hoch, 2000; Wolanin & Stock, 2003) . The extracytoplasmic loops of these YycG homologues are generally large and contain 142-154 amino acids (Table 1 ). In contrast, the YycG homologues of Streptococcus species contain a single predicted transmembrane domain (Fig. 1b) , and hence lack extracytoplasmic loops ( Table 1 ). The number of extracellular amino acids that protrude from these single transmembrane domains is small (4-12 amino acids; Fig. 1b ; Table 1 ).
We noticed another structural difference between the YycFG TCS homologues of Streptococcus and those of other Gram-positive species. The genes encoding the YycFG two-component system are cotranscribed in all Gram-positive bacteria with another gene, designated yycJ (Fukuchi et al., 2000; Wagner et al., 2002) . The YycJ protein contains a predicted HxHxDH metal-binding site in a b-lactamase fold (Daiyasu et al., 2001) . This type of metal-binding site binds zinc or iron ions in enzymes with different activities (Daiyasu et al., 2001) . The function(s) of YycJ is unknown, although the YycJ homologue of S. pneumoniae is conditionally essential for growth in bacteria limited for expression of the YycF response regulator (Ng et al., 2003) . However, in Gram-positive species other than Streptococcus, yycFG and yycJ are cotranscribed with two additional genes, designated yycH and yycI, which encode proteins containing transmembrane domains (Fabret & Hoch, 1998; Fukuchi et al., 2000) . With one exception, Gram-positive species that encode YycH and YycI homologues contain YycG homologues with two transmembrane domains flanking extracytoplasmic loops ( Fig. 1a ; Table 1 ). The exception here is Lactococcus lactis, which encodes a YycG homologue with two transmembrane domains, but lacks yycH and yycI genes (Table 1) . However, the L. lactis YycG homologue is itself unusual in that it contains a predicted extracytoplasmic loop of just 4 amino acids, which is much smaller than those of other YycG homologues (Fig. 1a) .
The structural and operon differences of the YycFG TCSs of Streptococcus species compared to those of other Gram-positive species suggest important differences in signal transduction. There are clearly two distinct classes of YycG histidine kinases ( Fig. 1; Table 1 ), which tends to argue against the view that the extracytoplasmic domains of YycG homologues became randomized during evolution (Hoch, 2000 (Nakano & Zuber, 1998; Taylor & Zhulin, 1999) . The metabolisms and physiological niches of different Gram-positive bacteria vary considerably. These differences may be reflected by the different sets of genes regulated by the YycFG TCSs (Dubrac & Msadek, 2004; Fukuchi et al., 2000; Howell et al., 2003; Ng et al., 2003) . It remains to be determined whether the same or different small molecules' signals are sensed by YycG homologues in these disparate species.
